ABSTRACT | Background: Physical exercise may modify biologic stress responses. Objective: To investigate the impact of exercise training on vascular alterations induced by acute stress, focusing on nitric oxide and cyclooxygenase pathways. Method: Wistar rats were separated into: sedentary, trained (60-min swimming, 5 days/week during 8 weeks, carrying a 5% body-weight load), stressed (2 h-immobilization), and trained/stressed. Response curves for noradrenaline, in the absence and presence of L-NAME or indomethacin, were obtained in intact and denuded aortas (n=7-10). Results: None of the procedures altered the denuded aorta reactivity. Intact aortas from stressed, trained, and trained/stressed rats showed similar reduction in noradrenaline maximal responses (sedentary 3.54±0.15, stressed 2.80±0.10*, trained 2.82±0.11*, trained/stressed 2.97± 0.21*, *P<0.05 relate to sedentary). Endothelium removal and L-NAME abolished this hyporeactivity in all experimental groups, except in trained/stressed rats that showed a partial aorta reactivity recovery in L-NAME presence (L-NAME: sedentary 5.23±0,26 .05 related to trained/stressed). Indomethacin determined a decrease in sensitivity (EC50) in intact aortas of trained rats without abolishing the aortal hyporeactivity in trained, stressed, and trained/stressed rats. Conclusions: Exercise-induced vascular adaptive response involved an increase in endothelial vasodilator prostaglandins and nitric oxide. Stress-induced vascular adaptive response involved an increase in endothelial nitric oxide. Beside the involvement of the endothelial nitric oxide pathway, the vascular response of trained/stressed rats involved an additional mechanism yet to be elucidated. These findings advance on the understanding of the vascular processes after exercise and stress alone and in combination.
Introduction
Influences of stress on organic responses are largely known. Although virtually all organs are affected by stress-exposure, the neuroendocrine, cardiovascular, immune, and gastrointestinal systems are main targets to functional changes. In this context, a decreased vascular reactivity to noradrenaline and an increased vascular reactivity to acetylcholine have been described after stress-exposure 1 . The literature also reports that stress-induced vascular alterations are dependent on endothelial integrity and nitric oxide release 2 . However, regular physical activity has been associated with a reduced incidence of cardiovascular diseases. Exercise training in both hypertensive subjects and spontaneously hypertensive rats results in blood pressure decrease 3 . Chronic exercise also improves the vasodilatory mechanisms mediated by endothelium-dependent relaxing factors released in the cardiac and skeletal muscles, kidney, and vascular beds 4, 5 . Moreover, exercise increases endothelial nitric oxide system activity and enhances the contribution of prostanoids to endothelium-dependent relaxation in coronary arteries 1, 6 . There is also evidence suggesting that physical activity and exercise might modify biologic stress response 7, 8 . In this context, studies have supported the benefits of physical activity and exercise on psychological health as well as cardiovascular response to acute stress [8] [9] [10] [11] [12] . Aerobically trained individuals exhibit lower sympathetic nervous system (e.g. heart rate) reactivity and enhanced cardiovascular efficiency (e.g. lower vascular reactivity and decreased recovery time) in response to physical and/or psychological stress 9 . Those who are physically fit are more resilient to the effects of stress, such as high work demands, resulting in less heart disease and associated mortality 13 . Despite the reports on vascular reactivity changes related to exercise training and stress-exposure alone, the role of physical activity and exercise on stressinduced vascular alterations as well as the mechanisms involved in these conditions require further investigation. Thus, the aim was to evaluate the effects of exercise training and stress alone on vascular function as well as the impact of exercise training on the vascular adaptive response to acute emotional stress, focusing on nitric oxide and cyclooxygenase pathways. Exploring the role of exercise on the vascular adaptive response to stress may improve the treatment and prevention of stress-related cardiovascular diseases and, thus, has important implications for public health.
Method Animals
Experiments were performed in male Wistar rats (6-16 weeks of age) provided by Universidade Estadual Paulista (UNESP), Botucatu, SP, Brazil. They were housed three per cage 1 week before the study was initiated and had free access to regular lab chow and water. Lights in the animal room were set on 12:12-h cycle with temperature maintained at 22±1 °C. Animal procedures were in accordance with the principles and guidelines of the National Council of Control of Animal Experimentation and the study was approved by the Animal Research Ethics Committee of Instituto de Biociências, UNESP (protocol number: 67/03-CEEA).
Body and organ weights
The animals were weighed weekly throughout the exercise training period. The cardiac hypertrophy was evaluated by left ventricle weight normalized for body weight (LV weight/BW) and employed to assess the efficacy of exercise training 14 . The weight of the adrenals was employed to assess the efficacy of stress induction 15 .
Measurement of blood pressure
Systolic blood pressure, in conscious rats, was measured weekly throughout the exercise training period, using tail-cuff plethysmography (Narco Bio-Systems, Houston, Texas, USA). The rats were pre-warmed for 10 to 15 min and placed into a restrainer for blood pressure measurement. Three consecutive recordings (~1 min apart) were performed, and the mean of these three measurements was recorded.
Adaptation period
To avoid a considerable loss of rats and to reduce the animals' stress, the rats from training groups were submitted to a gradual but brief adaptation period (Figure 1) . During the first pre-training week, the 6-week old animals were placed in contact with increasing volumes of heated water and periods of exposure (28±1 °C; 15-60 min/day, 5 sessions) within a tank (35×17×50 cm) in order to adapt to the water. Subsequently, the rats were submitted to a second pre-training week consisting of forced swimming sessions in water at 28±1 °C, for 60 min/day, carrying a load strapped to their chests. The workload was gradually increased (1-5% of body weight) until the rats could swim for 60 min wearing a chest load weighing 5% of body weight. Thereafter, the workload was constant.
Exercise training program
At the end of the adaptation period, the rats (8-week old) were submitted to the exercise training program (Figure 1 ). Additionally, 8-week old sedentary rats (S) remained in their cages during the same time period (Figure 1 ).
Exercise training consisted of a forced swimming session once a day for a period of 8 weeks (five days/week). Rats were submitted individually to a forced swimming session in warmed water at 28±1 °C for 60 min, carrying a load weighing 5% of body weight strapped to their chests. The sessions were performed between 1:00 and 2:00 pm. During the exercise session, the sedentary rats were kept in their home cages. This swimming protocol has been characterized previously as being of low to moderate intensity and of long duration 16 . Forty-eight hours after the last exercise session, the trained 16-week old rats (T) were killed by decapitation (Figure 1 ).
Stress induction
Forty-six hours after the last exercise session, a group of 16-week old trained rats was submitted to a single stress session (T/St) ( Figure 1 ). Additionally, a group of 16-week old sedentary rats was submitted to a single stress session (St) (Figure 1) .
The stressor agent consisted of immobilization for 2 h in a 5×27 cm metal tube, individually adapted to provide a tight restriction of movements, but allowing the animal to breathe normally. This acute stress exposure took place between 10:00 am and 2:00 pm. During the stress session, the non-stressed rats were kept in the home cage. Immediately after stress exposure the rats were killed by decapitation ( Figure 1 ).
Immunohistochemical procedures
Groups of sedentary and trained rats, exposed or not to stress were anesthetized with a mixture of ketamine (75 mg.kg -1 body weight, i.p.) and xylasine (10 mg.kg -1 body weight, i.p.) and the level of anesthesia was controlled by monitoring the corneal reflex. The animals were then perfused by the left carotid artery with saline containing heparin (5%) for 15 min under constant pressure, followed by perfusion with 0.1 M phosphate buffer (pH 7.4) containing 4% (w/v) paraformaldehyde for 25 min. After perfusion, aortas were removed, weighed, and representative samples were fixed in 4% phosphate-buffered formalin during 24 h for paraffin embedding. For immunohistochemical analysis, we used anti-neuronal nitric oxide synthase (NOS 1 ) antibody. Protein expressions were immunohistochemically detected using the avidin-biotin-peroxidase method. Briefly, deparaffinized 5-μm-thick aorta sections on poly-l-lysine coated slides were treated with 3% H 2 O 2 in phosphate-buffered saline for 15 min, nonfat milk for 60 minutes, primary antibodies for 60 min, and avidin-biotin-peroxidase solution (Vector Laboratories Inc, CA, USA, 1:1:50 dilution). Antigen retrieval was performed by boiling in 0.01 M citrate buffer (pH 6.0) in a microwave oven (1,300 W) twice for 5 minutes each. The chromogen color was accomplished with 3,3′-diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich Co., St. Louis MO , USA ) as the substrate to demonstrate the sites of peroxidase binding and slides were counterstained with Harris's hematoxylin.
Vascular reactivity protocol
Immediately after the rat was killed, the descending thoracic aorta was excised and trimmed free of adhering fat and connective tissue. Two transverse rings of the same artery, each about 4 mm in length, were cut and mounted at the optimal length for isometric tension recording in organ chambers. One ring served as control (intact aorta), while the endothelium was mechanically removed from the other (denuded aorta) by gently rubbing the luminal surface. Briefly, preparations were mounted in organ baths containing 7 ml of Krebs-Henseleit solution, with composition in mM: NaCl 113.0; KCl 4.7; CaCl 2 2.5; KH 2 PO 4 1.2; MgSO 4 1.1; NaHCO 3 25.0; Glucose 11.0; ascorbic acid 0.11. The bathing fluid, kept at 36.0±0.5 °C, was saturated with a gas mixture of 95% O 2 , 5% CO 2 . The preparations were allowed to equilibrate for at least 1 h under a resting tension of 1.5 g, which is optimal for inducing maximum contraction. Tension was recorded with a physiograph (Ugo Basile, Italy).
Cumulative concentration-effect curves were constructed from the response of the tissue to noradrenaline in presence or absence of inhibitors N G -nitro-L-arginine methyl ester (L-NAME, 3x10 -4 M) or indomethacin (10 -5 M) . At the end of the curves, single doses of acetylcholine (10 -6 M) and sodium nitroprusside (10 -4 M) were used to test the integrity of endothelial and smooth muscle layers, respectively. Endothelium and smooth muscle were considered to be intact if the acetylcholine and sodium nitroprusside-induced relaxation of the pre-contracted aorta was greater than 70% and 90% respectively.
Drugs and solutions
The following drugs were used: acetylcholine bromide, noradrenaline bitartrate, sodium nitroprusside, N G -nitro-L-arginine methyl ester, indomethacin (all obtained from Sigma Chemical Co., St Louis, Missouri, USA). All drugs were dissolved in Krebs-Henseleit solution.
Statistical analysis
The concentration of vasoactive agents producing a response that was 50% of the maximum (EC50) was calculated in each experiment. Data are presented using descriptive statistical procedures (mean, standard error of mean, confidence interval). Statistical analyses were performed using multifactorial ANOVA (SIGMASTAT 3.2). Exercise training and stress were the factors in the analysis and represent the independent variables. A P value less than 0.05 was considered to be statistically significant. The Tukey multiple comparisons test was used to test differences among means. If necessary, dependent variables were log transformed prior to parametric testing.
Results
Effects of exercise training associated or not with acute stress on body and organ weights and blood pressure The body weight and blood pressure was similar for sedentary and trained rats (Figure 2) .
NOS 1 expression
The immunohistochemical results show that both exercise training and stress exposure increased the aortic NOS 1 expression. Similarly, the association of these procedures determined an increase in the aortic NOS 1 expression compared to the non-stressed sedentary group, however in a lower extension than observed in the aorta of rats submitted to exercise training and stress alone (Figure 2 ).
Vascular reactivity
Both stress exposure and exercise training similarly reduced the maximal responses to noradrenaline of the intact aortas compared to non-stressed sedentary rats, without affecting the EC50 values. The combination of both procedures did not potentiate aortal hyporeactivity to this vasoconstrictor agent. The effect of different levels of stress did not depend on what level of exercise training was present. There was not a statistically significant interaction between stress and exercise training. Moreover, none of these experimental procedures determined any change in the reactivity to noradrenaline of denuded aortas (Tables 1 and 2; Figure 3) .
The endothelium removal produced a similar leftward shift of the curves for noradrenaline in aorta from all experimental groups. This procedure also determined an increase in the aorta maximum response to noradrenaline that reached similar values in all experimental groups. Consequently, the endothelium removal abolished the decrease in the maximum response to noradrenaline observed in intact aortas from rats exposed to acute stress and exercise training, isolated and in combination (Tables 1 and 2 ; Figure 3) .
The presence of L-NAME also abolished the hyporeactivity to noradrenaline observed in intact aortas from trained and stressed rats, but not in intact aortas from trained rats exposed to stress.
This hyporeactivity was only partially recovered in the presence of the inhibitor (Table 1; Figure 3 ). Once restored, the maximal responses reached values similar to that observed in denuded aortas in the absence or presence of the inhibitor (Table 1; Figure 3) . Besides, the presence of L-NAME determined a decrease in EC50 values for noradrenaline in intact aortas from all experimental groups. This decrease reached similar values to those observed in denuded aortas from all experimental groups, independently of the presence of the inhibitor ( Table 2) .
The presence of indomethacin determined a similar decrease in the maximum response to noradrenaline of intact aortas from sedentary and stressed rats. However, this procedure did not alter the maximum response to noradrenaline of intact aortas from trained rats submitted or not to stress relative to the same responses in the absence of this inhibitor. Consequently, this procedure did not abolish the hyporeactivity to noradrenaline observed in intact aortas from trained rats submitted or not to stress (Table 1; Figure 3) . Besides, the presence of indomethacin determined Table 1 . Maximum response to noradrenaline, in absence or presence of indomethacin or L-NAME, obtained in two rings, one with and the other without endothelium, of the same thoracic aorta from sedentary and trained rats, submitted or not to stress. Table 2 . EC50 values for noradrenaline, in the absence or presence of indomethacin or L-NAME, obtained in two rings, one with and the other without endothelium, of the same thoracic aorta from sedentary and trained rats, submitted or not to stress. a similar decrease in EC50 values for noradrenaline in intact aortas from all experimental groups, except in intact aortas from trained rats submitted to stress ( Table 2) . The presence of the inhibitors did not alter the reactivity to noradrenaline of denuded aorta from all experimental groups (Tables 1 and 2; Figure 3) .
Discussion
In the present study, exercise training had no effect on body weight gain, corroborating previous reports from the literature showing that unless the overall volume of aerobic exercise training is very high, clinically significant weight loss is unlikely to occur 17 .
Various investigators have used the fresh weight of the adrenal gland, an organ that responds to stress, as indicative of stressogenic conditions. The weight of the adrenal gland may be reduced or may remain unchanged after exposure to acute stress, but is often increased by chronic stress 18, 19 . In the present study, the mean fresh weight of the adrenal glands was significantly reduced, showing that acute stress was effective in the experimental protocol proposed. Contrarily, exercise did not alter the adrenal weight, suggesting that the employed protocol did not represent a stressogenic condition.
In addition, left ventricular hypertrophy was observed in rats submitted to the exercise training program. It is well known that physical exercise is a stimulus for the development of left ventricular hypertrophy, which occurs to maintain not only the relative constancy of ventricular wall stress, but also the adequacy of the stroke volume, so that the resulting structural changes depend on the nature, duration, and intensity of exercise 20 . Hypertrophy may represent a physiological and beneficial cardiac adaptation, usually associated with enhanced heart function. Thus, the left ventricular hypertrophy shows the effectiveness of the employed exercise training program.
The success of physical training in reducing blood pressure is dependent on the type and intensity of the exercise protocol 21 . However, this effect is only observed in hypertensive individuals 22 . Thus, the effects of physical training on blood pressure of normotensive humans and animals are described as minimal 16, 23, 24 . Corroborating these findings, the exercise training program did not determine significant differences in blood pressure of trained rats compared to sedentary ones.
The exercise training also induced a vascular adaptive response characterized by hyporeactivity to noradrenaline, which was shown to be dependent on the integrity of the endothelial cells since it was abolished by endothelium removal. A similar hyperactivity of endothelial cells was previously reported in conditions that, like exercise, involve prolonged activation of adrenoceptors, such as stress and diet-induced obesity 2, 25, 26 . Indeed, the acute stress exposure determined a decrease in the maximum response to noradrenaline in aortas of sedentary rats, which was shown to be dependent on endothelium integrity since it was abolished by endothelium removal.
In order to assess the mechanisms involved in the endothelial cell hyperactivity induced by both exercise training and acute stress exposure, L-NAME (inhibitor of NOS) and indomethacin (inhibitor of prostaglandin production) were used. L-NAME, but not indomethacin, abolished the exercise-induced decrease in the aorta reactivity to noradrenaline. Although indomethacin did not abolish the hyporeactivity to noradrenaline, its presence elicited supersensitivity to noradrenaline, characterized by a decrease in the EC50 value in aortic rings isolated from rats submitted to exercise training. The data strongly suggest a different grade of contribution of the endothelium-derived relaxing factors, nitric oxide and prostanoids, for the vascular adaptive response induced by exercise. Moreover, this differential contribution was shown to be dependent on noradrenaline levels. At high levels of circulating catecholamines, nitric oxide would be the main factor controlling vascular tone, whereas vasodilating prostanoids have greater involvement in the control of vascular tone at moderate levels of catecholamines. Different involvement of prostanoids and nitric oxide in the control of coronary vascular tone to different levels of physical activity was previously reported in pigs 27 . According Osanai et al. 28 , nitric oxide and prostanoids are generated by shear stress during exercise training, which contribute to the vascular relaxation. Thus, the present study allows us to suggest a major role of nitric oxide compared to vasodilator prostanoids in the control of aorta tone in subjects who practice physical exercise daily.
The immunohistochemical studies also confirmed the exercise-induced increase in nitric oxide production since this procedure has determined an increase in the aortic NOS 1 expression in trained rats. Increase in NOS expression in aorta of rats submitted to physical exercise was previously reported by Delp and Laughlin 29 .
The stress-induced vascular adaptive response in sedentary rats was also abolished in the presence of L-NAME, but not in the presence of indomethacin, corroborating previous studies from our laboratory 2 . Besides, stress-exposure determined an increase in the aortic NOS 1 expression, which was assessed by immunohistochemical studies. These data strongly suggest that stress-induced hyporeactivity to noradrenaline in aortas of sedentary rats involves an increase in the production, release and/or bioavailability of nitric oxide. The results also allow us to discard the involvement of vasodilating prostaglandins in the stress-induced vascular adaptive response. Moreover, the increased endothelial bioavailability of nitric oxide might be considered a mechanism to counteract the deleterious cardiovascular effects of stress exposure.
Since physical exercise may modify biologic stress responses 7, 8 , a study investigated the impact of exercise training on vascular alterations induced by acute immobilization stress, a useful model of emotional stress 30 . Although the combination of exercise training and acute stress has also determined an endothelium-dependent hyporeactivity to noradrenaline, this procedure did not result in a synergistic effect on the vascular reactivity. Moreover, the presence of indomethacin did not abolish the aortal hyporeactivity to noradrenaline induced by the combination of exercise and stress suggesting that vasodilating prostaglandins are not involved in the vascular adaptive response induced by exercise training in combination with stress-exposure. Unlike what happened with exercise and stress alone, the presence of L-NAME partially abolished the hyporeactivity to noradrenaline induced by the combination of both procedures. Moreover, the combination of exercise and stress also determined an increase in the aortic NOS 1 expression but to a lesser degree than after exercise training and stress-exposure alone. Altogether, the results suggest that the vascular adaptive response induced by exercise training in combination with acute stress-exposure involves a hyperactivity of the endothelial cells, characterized by an increase in the production and/or bioavailability of two important endothelium-derived relaxing factors. One factor, sensitive to L-NAME, seems to be nitric oxide. However, the identity of the other factor, resistant to L-NAME and indomethacin, remains to be determined.
In summary, exercise training and stress-exposure determined vascular adaptive responses, characterized by hyperactivity of endothelial cells; however, the combination of both procedures did not result in synergistic effect. Moreover, the vascular adaptive response induced by exercise training was shown to be dependent on two important endothelium-derived relaxing factors, nitric oxide, and vasodilating prostaglandins. Differently, the vascular adaptive response induced by acute emotional stress was shown to be only dependent on nitric oxide pathway. Finally, in addition to the involvement of the endothelial nitric oxide pathway, the vascular response of trained/stressed rats involved an additional mechanism still to be elucidated. These findings advance on the understanding of the vascular processes after exercise training and stress-exposure alone and in combination. They could also aid in new strategies related to exercise training improvement of stress-related cardiovascular events mainly those associated with pathologies that impair nitric oxide pathway.
